Primordial or Big Bang nucleosynthesis (BBN) is one of the three strong evidences for the BigBang model together with the expansion of the Universe and the Cosmic Microwave Background radiation. In this study, we improve the standard BBN calculations taking into account new nuclear physics analyses and we enlarge the nuclear network until Sodium. This is, in particular, important to evaluate the primitive value of CNO mass fraction that could affect Population III stellar evolution. For the first time we list the complete network of more than 400 reactions with references to the origin of the rates, including ≈270 reaction rates calculated using the TALYS code. Together with the cosmological light elements, we calculate the primordial Beryllium, Boron, Carbon, Nitrogen and Oxygen nuclei. We performed a sensitivity study to identify the important reactions for CNO, 9 Be and Boron nucleosynthesis. We reevaluated those important reaction rates using experimental data and/or theoretical evaluations. The results are compared with precedent calculations: a primordial Beryllium abundance increase by a factor of 4 compared to its previous evaluation, but we note a stability for B/H and for the CNO/H abundance ratio that remains close to its previous value of 0.7 × 10 −15 . On the other hand, the extension of the nuclear network has not changed the 7 Li value, so its abundance is still 3-4 times greater than its observed spectroscopic value.
Introduction
There are presently three observational evidences for the Big-Bang Model: the universal expansion, the Cosmic Microwave Background (CMB) radiation and Primordial or Big-Bang Nucleosynthesis (BBN). The third evidence for a hot Big-Bang comes from the primordial abundances of the "light elements":
4 He, D, 3 He and 7 Li. They are produced during the first ≈20 min of the Universe when it was dense and hot enough for nuclear reactions to take place.
The number of free parameters entering in Standard BBN has decreased with time. The number of light neutrino families is known from the measurement of the Z 0 width by LEP experiments at CERN: N ν = 2.9840±0.0082 (LEP collaborations 2006) . The lifetime of the neutron entering in weak reaction rate calculations and many nuclear reaction rates have been measured in nuclear physics laboratories. The last parameter to have been independently determined is the baryonic density of the Universe which is now deduced from the observations of the anisotropies of the CMB radiation coming from the WMAP satellite. The number of baryons per photon which remains constant during the expansion, η, is directly related to Ω b by Ω b ·h 2 =3.65×10 7 η . The WMAP7 gives now : Ω b ·h 2 =0.02249±0.00056 and η = 6.16 ± 0.15 ×10 −10 (Komatsu et al. 2011) . In this context, primordial nucleosynthesis is a parameter free theory and is the earliest probe of the Universe. We note an overall agreement except for the 7 Li. In the literature many studies have been devoted to this lithium problem (Angulo et al. 2005; Coc et al. 2007; Chakraborty et al. 2011 , and references therein) .
Deuterium, a very fragile isotope, is destroyed after BBN. Its most primitive abundance is determined from the observation of clouds at high redshift, on the line of sight of distant quasars. Very few observations of these cosmological clouds are available (Pettini et al. 2008 , and references therein) and the adopted primordial D abundance is given by the average value:
D/H = (2.82
+0.20
−0.19 ) × 10 −5 .
After BBN, 4 He is still produced by stars. Its primitive abundance is deduced from observations in HII (ionized hydrogen) regions of compact blue galaxies. Galaxies are thought to be formed by the agglomeration of such dwarf galaxies which are hence considered as more primitive. The primordial 4 He abundance Y p (mass fraction) is given by the extrapolation to zero metallicity but is affected by systematic uncertainties (Aver et al. 2010; Izotov & Thuan 2010 ) such as plasma temperature or stellar absorption. These most recent determinations based on almost the same set of observations lead to:
Y p = 0.2561 ± 0.0108. Contrary to 4 He , 3 He is both produced and destroyed in stars so that the evolution of its abundance as a function is subject to large uncertainties and has only been observed in our Galaxy (Bania et al. 2002) , 3 He /H = 1.1 ± 0.2 × 10 −5 .
Consequently, the baryometric status of 3 He is not firmly established (Vangioni-Flam et al. 2003) .
Primordial lithium abundance is deduced from observations of low metallicity stars in the halo of our Galaxy where the lithium abundance is almost independent of metallicity, displaying a plateau, the so-called Spite plateau (Spite & Spite 1982) . This interpretation assumes that lithium has not been depleted at the surface of these stars, so that the presently observed abundance is supposed to be equal to the initial one. The small scatter of values around the Spite plateau is an indication that depletion may not have been very effective.
Astronomical observations of these metal poor halo stars (Ryan et al. 2000) have led to a relative primordial abundance of:
Li/H = (1.23
A more recent analysis by Sbordone et al. (2010) gives: Li/H = (1.58 ± 0.31) × 10 −10 .
More generally, Spite & Spite (2010) have reviewed the last Li observations and their different astrophysical aspects. See also Frebel & Norris (2011) for a wide review. In 2006, high-resolution observations of Li absorption lines in some very old halo stars have also claimed evidence for a large primitive abundance of the weakly-bound isotope 6 Li (Asplund et al. 2006) . The 6 Li/ 7 Li ratios of ∼ 5 × 10 −2 were found to be about three orders of magnitude larger than the BBN-calculated value of 6 Li/ 7 Li∼ 10 −5 . The key BBN 6 Li production mechanism is the D (α,γ) 6 Li reaction at energies in the range of 50 keV ≤ E cm ≤ 400 keV . This reaction has very recently been re-investigated (Hammache et al. 2010 ) confirming the previous result that Standard Big-Bang Nucleosynthesis cannot produce 6 Li at the required level. Concerning the 6 Li observational status, more recently, however, Cayrel et al. (2007) and Steffen et al. (2010) have pointed out that line asymmetries similar to those created by a 6 Li blend could also be produced by convective Doppler shifts in stellar atmospheres. In this con-text, these observations have to be confirmed. More detailed analyses are necessary to firmly conclude about the detection of the 6 Li abundance at this level in these metal poor stars (see Spite & Spite 2010 , for a review).
We consider in detail in this present study the other isotopes potentially produced by the Standard Big-Bang Nucleosynthesis including 9 Be, 10 B, 11 B and the CNO isotopes. The production of 9 Be, 10 B and 11 B (BeB) and CNO isotopes have been studied in the context of standard and inhomogeneous BBN (Thomas et al. 1993 (Thomas et al. , 1994 Kajino & Boyd 1990; Kajino 1995; Iocco et al. 2007 Iocco et al. , 2009 . The most relevant analysis concerning CNO in BBN comes from Iocco et al. (2007) who included more than 100 nuclear reactions and predicted a CNO/H abundance ratio of approximately 6 × 10 −16 , with an upper limit of 10 −10 . These evaluations had been also performed to provide the initial conditions for the evolution of population III stars.
BeB nucleosynthesis is an important chapter of nuclear astrophysics. Specifically, rare and fragile nuclei, they are not generated in the normal course of stellar nucleosynthesis and are, in fact, destroyed in stellar interiors. This characteristic is reflected by the low abundance observations of these light species (Primas 2010; Boesgaard et al. 2010 , and references therein). A glance to the abundance curve suffices to capture the essence of the problem: a gap separates He and C. At the bottom of this precipice rests the trio Li-Be-B. At very low metallicity, the BeB abundance is less than 10 −12 relatively to hydrogen. Indeed, they are characterized by the simplicity of their nuclear structure (6 to 11 nucleons) and their scarcity in the Solar System and in stars. In fact, they are fragile because a selection principle at the nuclear level has operated in nature. Due to the fact that nuclei with mass 5 and 8 are unstable, BBN has almost stopped at A = 7, while nuclear burning in stars bypasses them through the triple-alpha reaction.
After BBN, the formation agents of LiBeB are Cosmic Rays interacting with interstellar or circumstellar CNO. Other possible origins have been also identified, for example supernova neutrino spallation (for 7 Li and 11 B ). In contrast, 6 Li, 9 Be and 10 B are pure cosmic-ray spallative products. (For a review see Vangioni-Flam et al. (2000) .)
Recently, the LiBeB production has been considered in a cosmological context (Rollinde et al. 2006 (Rollinde et al. , 2008 . The non-thermal evolution with redshift of 6 Li, Be, and B in the first structures of the Universe has been studied. In this context cosmic rays are impinging alpha particles and CNO produced by the first massive stars, the so-called Population III stars. The computation has been performed in the framework of hierarchical structure formation and reliable 6 Li and BeB initial abundances coming from BBN are required to optimize the initial conditions.
Even though the direct detection of primordial CNO isotopes seems highly unlikely with the present observational techniques at high redshift, it is also important to better estimate their Standard Big-Bang Nucleosynthesis production. Hydrogen burning in the first generation of stars (Pop III stars) proceeds through the slow pp chains until enough carbon is produced (through the triplealpha reaction) to activate the CNO cycle. The minimum value of the initial CNO mass fraction that would affect Pop III stellar evolution is estimated to be 10 −10 (Cassisi & Castellani 1993) or even as low as 10 −12 in mass fraction for the less massive ones (Ekström et al. 2008) . This is only two orders of magnitude above the Standard BigBang Nucleosynthesis CNO yield using the current nuclear reaction rate evaluations of Iocco et al. (2007) .
In addition, it has been shown that Pop III stars evolution is sensitive to the triple-alpha 12 C producing reaction and can be used to constrain the possible variation of the fundamental constants (Ekström et al. 2010 ). This reaction is sensitive to the position of the Hoyle state, which in turn is sensitive to the values of the fundamental constants. The amount of produced CNO ( 12 C) could affect the HR diagram (CNO versus pp H-burning) and the final production of 12 C and 16 O in Pop III stars. Hence, it is important to quantify the amount of primordial CNO present at their birth. In the same context of the variations of the fundamental constants,
8 Be (which decays to two alpha particles within ∼ 10 −16 s) could become stable if these constants were only slightly different. At BBN time, this would possibly allow to bridge the "A=8 gap" and produce excess CNO. To determine how significant would be this excess, one needs to know the standard BBN production of the CNO elements.
Another motivation for this study is the above mentioned dichotomy concerning the Li abundance. At WMAP baryonic density, 7 Li is produced as 7 Be that later decays. Nuclear ways to destroy this 7 Be have been explored. An increased 7 Be(d,p)2α cross section has been proposed by Coc et al. (2004) but was not confirmed by experiment described in Angulo et al. (2005) unless a new resonance is present (Cyburt & Pospelov 2009 ) with very peculiar properties. Other 7 Be destruction channels have recently been proposed by Chakraborty et al. (2011) awaiting experimental investigation. Another scenario would be to take advantage of an increased late time neutron abundance. This is exactly what happens (in the context of varying constants) when the 1 H(n,γ) 2 H rate is decreased. The neutron late time abundance is increased (with no effect on 4 He) so that more 7 Be is destroyed by 7 Be(n,p) 7 Li(p,α)α. (see in Coc et al. 2007 , Fig. 1 ).
The main difficulty in BBN calculations up to CNO is the extensive network needed, including n-, p-, α-, but also d-, t-and 3 He-induced reactions. Most of the corresponding cross sections cannot be extracted from experimental data only. This is especially true for radioactive tritium-induced reactions, or for those involving radioactive targets like e.g.
10 Be. For some reactions, experimental data, including spectroscopic data of the compound nuclei, are just inexistent. Hence, for many reactions, one has to rely on theory to estimate the reaction rates. Previous studies (Thomas et al. 1993 (Thomas et al. , 1994 Iocco et al. 2007 ) have performed unpublished analyses of experimental data but have also apparently extensively used the prescription of Fowler & Hoyle (1964) and Wagoner et al. (1967) to estimate many rates. These prescriptions often assume a constant astrophysical S-factor. This obviously cannot be a good approximation for most of the reactions considered in the BBN context. In this study we use at first more reliable rate estimates provided by the TALYS reaction code (Goriely et al. 2008 ), next we perform a sensitivity study and, finally improve the rate estimates of the most important reactions by dedicated evaluations.
A detailed analysis of all reaction rates and associated uncertainties would be desirable but is unpractical for a network of ≈400 reactions. So, in Section 2 we present the extended network and the standard thermonuclear reaction rates used. In Section 3, we study the sensitivity of the calculated primordial abundances up to CNO to variation of the rates by a factor of up to 1000 and reevaluate selected reaction rates. In Section 4, we present the BBN calculation results and we conclude in section 5. Note that in the annex we give the full list of reactions with the references at the origin of the reaction rates.
Nuclear cross section network
In this study, we have included 59 nuclides from neutron to 23 Na, linked by 391 reactions involving n, p, d, t and 3 He induced reactions and 33 β-decay processes. Reaction rates were taken primarily from Angulo et al. (1999) ; Descouvemont et al. (2004) ; Iliadis et al. (2010) ; Xu et al. (2010) and other evaluations when available. The complete list of reactions with associated references to the origin of the rates can be found in Table 4 . Except for a few (historical) cases, the "direct reactions", listed in Table 4, are chosen to have positive Q-value. In our code, each of these reactions is systematically supplemented by the reverse reaction calculated according to the usual detailed balance prescription (Caughlan & Fowler 1988; Angulo et al. 1999 ). In comparison with previous works, the present study includes two specific features, namely the introduction of the new evaluation of experimental reaction rates (NACRE 2) for target nuclei with A < 16 and the extensive library of rates for experimentally unknown reactions, including all possible light particle captures. The latter library is based on the Hauser-Feshbach calculation with the TALYS reaction code (Goriely et al. 2008 ) and though, a priori, the reaction model is not well suited for the description of the reaction mechanism on such light species, it appears to provide rather fair rates that can be used as a first guess for a sensitivity analysis, as detailed and discussed below.
NACRE 2
In the present paper, use is made of the updated NACRE 2 reaction rate evaluation. This new evaluation includes new rates for 15 charged-particle transfer reactions and for 19 capture reactions on stable targets with mass number A<16. Compared to NACRE , NACRE 2 features in particular (i) the addition to the collected NACRE experimental data of all the post-NACRE ones published in refereed journals till 2010; (ii) the extrapolation of astrophysical Sfactors to very low energies based on theoretical models, namely the distorted wave Born approximation (DWBA) for transfer reactions and the potential model for radiative captures ). These models are simple albeit trustworthy for the considered reactions most likely dominated by a direct (rather than a compound) contribution. The experimental data available (usually well above the energy region of astrophysical interest) are fitted by spline interpolations. If narrow resonances happen to contribute, they are approximated by the single-level Breit-Wigner formula with varying particle widths. The HauserFeshbach statistical model is used to extrapolate the rates to very high temperatures (i.e. higher relevant astrophysical energies). In this case, the calculations are made with the TALYS code (Goriely et al. 2008) .
For each individual reaction, recommended as well as upper and lower limits of the reaction rates are given. Uncertainties in the reaction rates are obtained by modifying the optimal model parameters and still allowing for acceptable fits to the experimental reaction data. All details can be found in Xu et al. (2011) . The improved theoretical treatment compared to NACRE makes the rates, as well as their respective uncertainty estimates, more reliable, especially at low temperatures.
The TALYS code
The neutron, proton, deuterium, tritium, 3 He and α-particle capture cross sections are, in a first approximation, estimated with the TALYS nuclear reaction code Goriely et al. 2008) when not available experimentally or in any other existing compilation of reaction rates. For targets and energies of interest in the present work, TALYS essentially takes the compound mechanisms into account to estimate the total reaction probability, as well as the competition between the various open channels. The cross sections are estimated up to the relevant energies and out of it the Maxwellian-averaged reaction rates for the thermalized target. The calculation includes in the entrance as well as exit channels all single particles of interest here (neutron, proton, deuterium, tritium, 3 He and α-particle). In the exit channel, multi-particle emission is also taken into account. All the experimental information on nuclear masses, deformation, and low-lying states spectra (including γ-ray intensities) is considered, whenever available. If not, global nuclear level formulas, γ-ray strength functions, and nucleon and α-particle optical model potentials are considered to determine the excitation level scheme and the photon and particle transmission coefficients.
Based on the statistical model of HauserFeshbach, TALYS is known to be a well-adapted code for medium-mass and heavy target nuclei. Such a model makes the fundamental assumption that the capture process takes place with the intermediary formation of a compound nucleus in thermodynamic equilibrium. The energy of the incident particle is then shared more or less uniformly by all the nucleons before releasing the energy by particle emission or γ-de-excitation. The formation of a compound nucleus is usually justified by assuming that the level density in the compound nucleus at the projectile incident energy is large enough to ensure an average statistical continuum superposition of available resonances. However, when the number of available states in the compound system is relatively small, as for light targets, the validity of the HauserFeshbach predictions has to be questioned. In this case, other approaches, such a the radiative direct capture within the potential model, need to be considered.
In the present work, the TALYS estimates are considered as a first guess for the reaction rates on light nuclei in order to test the sensitivity of the abundance calculations with respect to changes in the nuclear reaction rates. As shown in Figs. 1-8, the agreement between TALYS and experimental rates are surprisingly good in most of the cases, although most of these reactions should not be physically described by the compound nucleus reaction mechanism. In some of these cases, e.g. 9 Be(p,α)
6 Li, a few resonances are available in the compound nucleus and the predictions are rather satisfactory. In other cases, 6 Li(p,γ) 7 Be, no resonances is available and the model fails by about 3 orders of magnitude.
In contrast, large deviations can be found between TALYS rates and those estimated by Thomas et al. (1993 Thomas et al. ( , 1994 , as shown in Figs. 9-11. Even the temperature dependence appears to be quite different 1 . In Thomas et al. (1994) , in several cases, the same rate is used for the (p,n), (p,α) and (p,γ) reaction channels on a given target: an obvious source of errors that can affect the predictions by a few orders of magnitude.
As summarized by the 36 cases studied in Figs. 1-8, TALYS can globally be expected to provide predictions within 3 orders of magnitude in the temperature range of interest here. Hence variations of these theoretical rates by three orders of magnitude can in a first step be used in our sensitivity analysis for the BBN abundance calculation. A detailed description and study will then be limited to the reactions affecting the abundance predictions in a significant way. ).
1 For the 9 Li(d,n) 10 Be reaction, this is most probably due to a typo in Thomas et al. (1993) as possibly corrected in the dashed curve in Fig. 9 . Thomas et al. (1993 Thomas et al. ( , 1994 ). Here, we will consider the impact on 9 Be, 10 B, 11 B and C, N and O isotopes.
In Table 4 , we list all reactions included in our network. Our sensitivity study excludes the reactions whose impacts have already been studied in previous work and whose rate uncertainties are documented in Angulo et al. (1999) ; Descouvemont et al. (2004) ; Iliadis et al. (2010) ; Xu et al. (2010) .
Beta decays are also ex- cluded because all lifetimes are precisely known (Audi et al. 2003) . The sensitivity study is performed for each of the 271 reactions whose rates are obtained from TALYS and for those whose uncertainties have not been estimated. Based on the comparison of Section 2.2 between TALYS calculated rates on the one hand and experimental rates on the other hand we consider at most three orders of magnitude variations around the standard reaction rates. More precisely, to estimate the impact of the reaction rates uncertainties on Standard Big-Bang Nucleosynthesis we perform six calculations by changing for each reaction its rate by factors of 0.001, 0.01, 0.1, 10, 100 and 1000 and calculate the relative change in isotopic abundances. of the reaction rate or the standard isotopic mass fraction value obtained with the standard values of the reaction rates. In many cases, even if the rate uncertainties have not been explicitly calculated, it is clear that the error bars are much lower than the three orders of magnitudes assumed here, essentially because direct or indirect experimental information exists and may constrain the cross section. However, to keep the procedure simple, we postpone this discussion to the next section. There is indeed little interest to look for accurate estimates of rate uncertainties for reactions which happen to have no impact on the Standard Big-Bang Nucleosynthesis in our sensitivity study. 
4.98×10
−15 † Reaction rate re-evaluated in Section 3.2.
The examination of Table 1 6 Li. The former has recently been experimentally re-investigated (Hammache et al. 2010 ) and its rate uncertainty should not exceed some 40%. The rate of the latter has been calculated by Fukugita & Kajino (1990) without providing an estimate of the associated uncertainty that should, in any case, be much lower that the factor of 1000 needed.
The 9 Be nucleosynthesis is sensitive to the 7 Li(t,n) 9 Be reaction (Boyd & Kajino 1989; Brune et al. 1991; Barhoumi et al. 1991 ) but also to the 7 Li(d,γ) 9 Be, 7 Be(t,p) 9 Be reactions and to a lower extent to the 7 Li( 3 He,p) 9 Be. These rates are discussed in Section 3.2.
The 11 B production could be drastically reduced if the 11 C(n,α)2 4 He reaction rate (Section 3.2) was higher.
The CNO production is significantly sensitive (more than by a factor of about 2) to several reaction rates. In particular, these include:
12 C. We re-evaluate their rates in Section 3.2. The impact of 7 Li(d,n)2 4 He is unexpected and should be compared to the influence of 1 H(n,γ) 2 H on 7 Li. Indeed Fig. 15 shows the effect of increasing the 7 Li(d,n)2 4 He reaction rate by a factor of 1000. Even though the final abundances are left unchanged, the peak 7 Li abundance at t ≈200 s is reduced by a factor of about 100. A similar evolution is followed by the 8 Li and CNO abundances (not shown on the figure) . 
Improvement of some critical reaction rates
In this Section, the above-mentioned critical reactions are analyzed and their rates re-evaluated on the basis of suited reaction models. In addition, realistic uncertainties affecting these rates are estimated in order to provide realistic predictions for the BBN. Since each reaction represents a specific case dominated by a specific reaction mechanism, they are analyzed and evaluated separately below.
3.2.1.
7 Li(d,γ) 9 Be affecting 9 Be
The total reaction rate consists of two contributions, namely a resonance and a direct part. The direct contribution is obtained by a numerical integration from the experimentally known S-factor (Schmid et al. 1993 ). The corresponding upper and lower limits are estimated by multiplying the S-factor by a factor 10 and 0.1, respectively. The resonance contribution is estimated on the basis of Eqs. (11) and (14) in the NACRE evaluation where the resonance parameters and their uncertainties for the compound system 9 Be are taken from the RIPL-3 database (Capote et al. 2009 ). The final rate with the estimated uncertainties are shown and compared with TALYS predictions in Fig. 16. 
3.2.2.
7 Li(d,n)2 4 He affecting CNO Both the resonant and direct mechanisms contribute to the total reaction rate. The resonance part is calculated by Eqs. (11) and (14) of Angulo et al. (1999) , where the lowest 4 resonances in the 7 Li(d,n)2α reaction centre-of-mass system are considered, the corresponding resonant parameters being taken from RIPL-3 Capote et al. 
3.2.3.
7 Li(t,n) 9 Be affecting CNO and 9 Be
To estimate the 7 Li(t,n) 9 B rate, experimental data from Brune et al. (1991) , as well as theoretical calculations from Yamamoto et al. (1993) are considered. More precisely, the lower limit of the total reaction rate is obtained from the theoretical analysis of Yamamoto et al. (1993) based on the experimental determination of the 7 Li(t,n 0 ) 9 B cross section by Brune et al. (1991) . The upper limit is assumed to be a factor of 25 larger than the lower limit. This factor corresponds to the ratio between the 7 Li(t,n tot ) 9 B and 7 Li(t,n 0 ) 9 B cross sections determined experimentally by Brune et al. (1991) in the 0.20 to 1.4 MeV energy region. The final rates are shown in Fig. 16. 
3.2.4.
8 Li(α,n) 11 B affecting CNO For this reaction, various experimental informations exist and may constrain the determination of the reaction rate. In particular, the 8 Li(α,n tot ) 11 B measurements of La Cognata et al. (2008 Cognata et al. ( , 2009 above typically 0.6 MeV are used to estimate the upper limit of the cross section, considering a constant S-factor at energies below 0.6 MeV. This rate is also used as the recommended rate.
As far as the lower limit is concerned, experimental constraints are taken from the measurements of Ishiyama et al. (2006) which are significantly lower than those obtained by La Cognata et al. (2008 Cognata et al. ( , 2009 .
At energies below 0.75 MeV, down to 0.4 MeV, the ground-state experimental cross section 8 Li(α,n 0 ) 11 B (Paradellis et al. 1990; Ishiyama et al. 2006 ) provide a lower limit of the cross section, while at energies below 0.4 MeV, a constant S-factor is assumed and extrapolated from the Paradellis et al. (1990) and Ishiyama et al. (2006) data. The final rates are shown in Fig. 19 and compared with Gu et al. (1995) and Mizoi et al. (2000) .
3.2.5.
7 Be(t,p) 9 Be affecting 9 Be
The total rate also consists of a resonant plus a direct contribution. Since no experimental data is available, information on the direct contribution is taken from the mirror 7 Li( 3 He,p) 9 Be reaction as given by Yamamoto et al. (1993) . The upper and lower limits are estimated by multiplying the corresponding S-factor by factors of 10 and 0.1, respectively. The same procedure as used for Gu et al. (1995) and Mizoi et al. (2000) .
9 Be (see above) is followed to determine the resonance component, the resonant parameters of the compound nuclei 10 B as well as their uncertainties being taken from the RIPL-3 library (Capote et al. 2009 ). The final rates are shown in Fig. 16. 
3.2.6.
11 B(n,γ) 12 C affecting CNO A recent experimental determination of the 11 B(n,γ) 12 C cross section was obtained by Lee et al. (2010) , including upper and lower limits (see Fig. 17 ). Those are considered in the present study.
3.2.7.
11 B(d,n) 12 C affecting CNO
For energies E cm ranging between 0.1 and 5 MeV, five sets of experimental data are available (Ames et al. 1957; Siemssen et al. 1965; Class et al. 1965; Hofstee et al. 2001; Parpottas et al. 2006) . A theoretical Distorted Wave Born Approximation (DWBA) analysis and extrapolation is performed to estimate the S-factors below E c.m. =0.1 MeV, as detailed in Xu et al. (2010 Xu et al. ( , 2011 . The DWBA results (along with a 20% uncertainty) are compared with experimental data in Fig. 20 . The final rates are computed by a numerical integration taking into account the DWBA estimates below E c.m. =0.5 MeV and the experimental data with their error bars above (Fig. 20) . 
3.2.8.
11 B(d,p) 12 B affecting CNO Three sets of experimental data have been reported (Kavanagh & Barnes 1958; Guzhovskij et al. 1985; Yan et al. 1997) for energies E cm ranging from 0.1 MeV to about 10 MeV. To extrapolate the S-factors below E c.m. =0.1 MeV, a DWBA evaluation is performed, as described above. The adopted results with an artificial 20% uncertainties are shown in Fig. 21 along with the available experimental data. The theoretical DWBA results below E cm =0.4 MeV as well as the experimental data with the error bars above E cm =0.4 MeV are used to estimate the final rates (see Fig. 21 ).
3.2.9.
11 C(n,α)2α affecting 11 B
The total reaction rate consists of two contributions, namely a resonance and a direct component. Concerning the resonant contribution, the calculation is performed on the basis of Eqs. (11) and (14) of the NACRE compilation , where the resonance parameters and their uncertainties in the compound nucleus 12 C are taken from the RIPL-3 library (Capote et al. 2009 ). The direct component (and the corresponding uncertainties) is evaluated based on the thermal cross sections . Thanks to the similar properties between the direct 11 C+n and 11 B+p reaction channels, the thermal cross section is obtained separately by performing DWBA calculations for the 11 C(n,α)2α reaction where the Woods-Saxon potential is constrained by experimental data on the mirror reaction 11 B(p,α)2α, as described in the NACRE 2 compilation ).
3.2.10.
11 C(d,p) 12 C affecting CNO
The total reaction rate consists of the two resonance and direct contributions. As done for previous reactions, for the resonance contribution, the parameters and their uncertainties in the compound nucleus 13 N are taken from the RIPL-3 library (Capote et al. 2009 ). The direct component is obtained by a numerical integration with astrophysical factors S(0) corresponding to 68.43, 82.12 and 54.75 MeVb for the recommended, upper and lower limits, respectively. These S-factors are taken from the direct component in the mirror reaction channel 11 B(d,p) 12 B, studied in Sect. 3.2.8.
Finally, the 6 charged-particle-induced reactions and 2 neutron-induced reactions that have been re-evaluated above are compared in Figs. 16-17 with TALYS predictions. Some deviations are obtained essentially for the cases (e.g. 8 Li(α,n)
11 B) where experimental data exist and have been used to constrain the reaction cross sections. For the other cases (e.g.
11 C(d,p) 12 C), the new determination is also based on theoretical arguments and minor differences are found in fact. Li abundances with i) our Monte-Carlo code including the 13 main nuclear reactions and our new code with ii) the 13+2 (for 6 Li) nuclear reactions network, iii) the present extended (424) nuclear reaction network. The small difference between central Monte-Carlo values (CV10 column) and the new 15 reaction network results can be explained by the former use of the Ω b ·h 2 =0.023 value from Spergel et al. (2007) rather than the new WMAP 7-years result Ω b ·h 2 =0.02249 (Komatsu et al. 2011 ). The small difference (∼1-2%) between the 13 and 424 reactions network can be traced back to the contribution of the additional reactions in the A<8 domain. Nevertheless, Table 1 (where the threshold is at a 20% abundance variation) shows that none of these reactions can alleviate the lithium problem. We hence confirm the robustness of the standard BBN results and refer to a forthcoming paper the discussion of the 4 He, D, 3 He and 7 Li aspects. This is also true for the 6 Li abundance compared to Hammache et al. (2010) . In particular, no new effective neutron source has been found that may destroy 7 Be and reduce the lithium problem.
Results

Standard BBN and comparison with astrophysical constraints
The concordance with the spectroscopic observations is in perfect agreement for deuterium. Considering the large uncertainty associated with 4 He observations, the agreement is also fair. The calculated 3 He value is close to its galactic value showing that its abundance has not changed significantly during galactic chemical evolution. On the contrary, as well-known the 7 Li(CMB+BBN) calculated abundance is significantly higher than the spectroscopic observations by a factor of about 3.5. Indeed the extended network cannot bring a sufficient neutron source to modify the primordial value. The origin of this discrepancy between CMB+BBN and spectroscopic observations remains an open question. As mentioned before, Chakraborty et al. (2011) have proposed an efficient 7 Be destruction as a possible solution to the lithium problem; this destruction requires new resonances, in particular associated with the 10 C compound nucleus. In our sensitivity study, we have not seen such an effect that would require a rate enhancement by resonances larger than the three orders of magnitude considered here. The main nuclear path to CNO (see also Iocco et al. 2007 ) proceeds from the 7 Li(α, γ) 11 B followed by 11 B(p,γ)
11 B(n,γ) 12 B reactions. An other nucleosynthesis paths start with 7 Li(n,γ) 8 Li(α,n) 11 B. The nuclear flow starting by 8 B(α, γ) 12 N is negligible because it is well known (Hernanz et al. 1996 ) that 8 B production by 7 Be(p,γ) is hindered at high temperatures by photodisintegration, so that its formation is delayed until lower temperatures are reached (see Fig. 12 ).
9 Be is produced by 7 Li(t,n)
9 Be and 7 Be(t,p) 9 Be while final 11 B is produced by the late decay of 11 C (see Fig. 12 ). Table 3 compares the BeB and CNO primordial abundances calculated with our extended nuclear network in its initial version with those obtained after its improvement described in Section 3.2 and with the results of Iocco et al. (2007) . As one can see, the final CNO abundances are very close, i.e CNO/H ≈ 5×10 −16 though some differences can be found in the isotopic composition. This is particularly visible for 14 C which is efficiently destroyed in our calculations (see Fig. 13 ) by the 14 C (p,γ) 15 N and 14 C(d,n) 15 N reactions. 14 C/H is found to be a factor 10 4 more abundant than predicted by Iocco et al. (2007) . The reason for this discrepancy is unknown as the Iocco et al. (2007) network is not given explicitly. For the sake of comparison, we also performed a nucleosynthesis calculation using Thomas et al. (1993 Thomas et al. ( , 1994 rates instead of the TALYS rates whenever available and found a 10 B/H abundance higher by a factor of ∼ 10 4 and a CNO abundance higher by a factor of ∼ 10 2 . We will not discuss these results as they are due to quite unrealistic 10 B(α, γ) 14 N, 10 Be(α, γ) 14 C and 8 B(α, γ) 12 N rates (see Fig. 10 ).
Conclusion
We have used an extensive network of more than 400 nuclear reactions whose thermonuclear reaction rates are adopted from evaluations based on experimental data or were calculated using the TALYS code. It enabled us to calculate the Standard Big-Bang Nucleosynthesis production of 6 Li, 9 Be, 10 B, 11 B and CNO isotopes more reliably.
We performed a sensitivity study by varying uncertain reaction rates by factors of up to 1000 and down to 0.001. In that way, a few reactions that could affect the A>7 isotope yields were identified and their rate (re-)evaluated using available experimental data and/or theoretical or phenomenological input. On the basis of these new evaluations the 9 Be, 10 B, 11 B and CNO isotope production was found to be close to the initial results and in global agreement with previous calculations (Iocco et al. 2007) .
For most of the few reactions which were identified to have an impact on Standard Big-Bang Nucleosynthesis, we were able to collect sufficient experimental data to derive new reaction rates with associated uncertainties much reduced with respect to our initial three orders of magnitude variation. (An exception is 7 Be(t,p) 9 Be but affecting the 9 Be production only.) In some cases these new rates differ from the previous ones by large factors but changes compensating each other (e.g.
11 B(d,n) 12 C and 11 B(d,p) 12 B) allow us to confirm the CNO Standard Big-Bang Nucleosynthesis production of about 0.7×10 −14 in mass fraction (i.e CNO/H ≈ 0.7 × 10 −15 ). Based on the rate uncertainties (a factor of < ∼ 10 at BBN temperatures) obtained in Section 3.2 and combining (see Longland et al. 2010 ) the corresponding uncertainty factors from Table 1 we can estimate the uncertainty on CNO production to be of a factor of < ∼ 4. This is too small to have presently an impact on Population III stellar evolution. It is nevertheless a reference value for comparison with nonStandard Big-Bang Nucleosynthesis CNO production e.g. in the context of varying constants.
Finally, our extension of the network does not help alleviate the discrepancy between the calculated and observed 7 Li abundances. No new latetime neutron source was found that could destroy 7 Be before it decays to 7 Li. Nevertheless we pointed out the unexpected high sensitivity of the CNO abundance with respect to the 7 Li(d,n)2 4 He reaction rate. A similar situation was found between the 7 Li abundance and the 1 H(n,γ) 2 H reaction rate. This emphasizes again the complex nature of nucleosynthesis and a posteriori justifies such a sensitivity study: the impact of a given reaction being not always predictable, even in the simple case (i.e. homogeneity, no mixing, nor convection,...) of BBN. As a conse-quence, even though very unlikely, the search for a nuclear solution to the lithium problem remains justified. 6 Li (green), 9 Be (pink), 10,11 B (cyan) and CNO (black) production. Note that CNO production is via 11 B but follows a different path than primordial 11 B formation through the late time 11 C decay. 
